Abstract: This paper presents a method for evaluating the reliability of an in-service highway bridge that considers the resistance capacity loss due to various corrosive environments. To demonstrate the application of the suggested method, a pre-stressed concrete-I (PSC-I) type girder was selected as a sample bridge. An analytical procedure was developed to quantitatively evaluate the performance degradation of a PSC-I girder bridge considering the traffic conditions, corrosive environment, and crack damage. The bridge performance was evaluated by considering traffic conditions, including the annual average daily traffic volume, heavy vehicle volume, and corrosive environment (mild, normal, and severe). To calculate the resistance capacity, all variables regarding the materials and sections were considered through probabilistic variances, Monte Carlo simulation, and the statistical characteristics of the resistance. The results showed that the performance degradation is sensitive to the important parameters of the traffic conditions and corrosive environment, which may decrease the structural reliability and lead to bridge failure. Cracks in a PSC-I girder may accelerate the performance degradation and affect the reliability level of the bridge. Therefore, a maintenance plan should be rationally considered depending on the site environment.
Introduction
A bridge deteriorates because of the applied loads and surrounding environment during its service life. This causes the original performance of the bridge to degrade. The bridge structure should be maintained to retain the required performance to satisfy its intended function. However, even when bridges are constructed according to the same design standard, site conditions (e.g., traffic and corrosion) vary. The site environment should be considered for the maintenance of a bridge. Current bridge performance evaluation and maintenance procedures do not consider such aspects; a single method of repair and reinforcement is adopted according to the target performance determined in the design step. Thus, the current level of maintenance work is unsatisfactory.
Research on evaluating the performance of a structure has mainly focused on safety evaluation of aging parts, evaluation of the system, and maintenance. Recent studies have focused on using a reliability-based evaluation technique based on statistical data to examine the loads and resistance capacities of actual structures. Several studies have followed the design concept suggested by Mayer [1] , which uses the average and variance of a random variable to quantitatively evaluate the resistance capacity of a structure. Kameda et al. [2] suggested evaluating the safety of an existing structure by considering the remaining strength of a deteriorated structural member and the strength degradation regarding the load through the application of reliability theory. MacGregor et al. [3] used probability 2 of 16 theory to quantitatively analyze the safety of an existing reinforced concrete member. However, these studies did not consider the site conditions reflecting the traffic characteristics of the actual bridge. Several studies have developed models to predict the performance degradation of a bridge. Frangopol et al. [4] represented the performance degradation of a bridge as a nonlinear continuous function and developed a performance level model and reliability index model. Frangopol and Neves [5] analyzed the changes in the performance degradation of a bridge depending on the settings of the maintenance standards. However, because these studies were limited in scope, these approaches are similarly limited in their ability to evaluate performance degradation reflecting the corrosive environment and traffic characteristics of an actual bridge.
This paper presents a performance degradation and reliability evaluation method based on the history of actual bridges, reflecting various site conditions (e.g., corrosive environment, traffic characteristics), which has not been considered in previous studies. Corrosive environmental conditions are classified as mild, normal, and severe. Traffic characteristics are classified as light, normal, and heavy. The method also accounts for the probabilistic characteristics of the materials and section properties of the bridge members.
Resistance Capacity and Performance Degradation Analysis

Resistance Capacity Evaluation of the Sample Bridge
In this study, a PSC-I type girder bridge was specifically selected for examination in order to develop a method for analyzing the resistance capacity and performance degradation of bridges. The sample bridge was to be used in a two-lane expressway and comprised a single span that was 15 m in width. It was designed to satisfy the DB-24 load as outlined in the Korea highway bridge specifications [6] . The total span length of the sample bridge was set as 30 m.
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Resistance Capacity Evaluation of the Sample Bridge
To determine the appropriate cross section of the PSC-I girder, the standard cross-section of a 30-m-long PSC-I girder provided by the Korea Express Corporation (Seoul, Korea) was utilized. Table  1 and Figure 1 present the data specifications and cross-sectional profiles of the sample bridge at the mid-span. The resistance capacity of the sample bridge was evaluated by calculating the flexural resistance, which is the material property that resists the effects of the two major loads applied to the structure: the dead load and live load. As discussed in the following sections, the resistance capacity of the PSC-I   G1  G2  G3  G4  G5  G6  G7  G8  850 1,900  1,900  1,900  1,900  1,900  1,900  1,900 850   300 300  3,300  3,300 15,000 C L 2,000 Figure 1 . Cross-section of the PSC-I bridge at the mid-span (mm).
The resistance capacity of the sample bridge was evaluated by calculating the flexural resistance, which is the material property that resists the effects of the two major loads applied to the structure: the dead load and live load. As discussed in the following sections, the resistance capacity of the PSC-I girder bridge was evaluated by using the flexural strength equation from the load-and-resistance factor design (LRFD) bridge design specifications [7] .
The equations for the flexural strength of a PSC-I girder vary with the depth of the concrete stress block a (= cβ) and the position of the compression flange h f . If the depth of the concrete stress block is shallower than the thickness of the compression flange (i.e., a < h f ), the equations for the flexural strength of a rectangular cross-section are used:
where A ps (mm 2 ) is the area of the pre-stressed (PS) tendon, A s (mm 2 ) is the area of the non-pre-stressed tension reinforcing bar, A s (mm 2 ) is the area of the compression reinforcing bar, f ps (MPa) is the average stress in the PS tendon, f s (MPa) is the stress in the mild steel tension reinforcing bar, f s (MPa) is the stress in the mild steel compression reinforcing bar, f pu (MPa) is the yield strength in the PS tendon, a (mm) is the depth of the equivalent stress block, b 1 (mm) is the width of the compression face of the member, c (mm) is the distance from the center of the longitudinal reinforcement to the nearest face of the concrete-encased shape on the bending plane, d s (mm) is the distance from the extreme compression fiber to the centroid of the non-pre-stressed tensile reinforcement, and β 1 (mm) is the stress block factor. In contrast, if the depth of the concrete stress distribution block is greater than the thickness of the compression flange (a > h f ), the flexural strength equation for an I-type or T-type cross-section is used, as shown in Equations (3) and (4), respectively:
where f c (MPa) is the compressive strength of the concrete, b 2 (mm) is the width of the compression face of the member, b w (mm) is the web width, and h f (mm) is the compression flange depth. Based on the concrete compressive strength (i.e., 28 MPa) of the stress block factor (β 1 ), the flexural strength was calculated to be in the range of 0.65-0.85. According to American Association of State Highway and Transportation Officials (AASHTO) [7] , the stress block factor (β 1 ) is calculated by considering the ductility of concrete as follows:
In addition, when the flexural strength of a PSC-I girder is calculated, the stress of a PS tendon ( f ps ) generated when a girder is destroyed is used instead of the yield strength ( f py ) of the stress of the PS tendon. For the convenience of hands-on workers, AASHTO [7] presented the following approximation:
where f py (MPa) is the yield strength in the PS tendon, k is a type of PS tendon correction factor, c (mm) is the distance from the center of the longitudinal reinforcement to the nearest face of the concrete-encased shape along the plane of bending, and d p (mm) is the distance from the extreme compression fiber to the centroid of the PS tendons.
Determination of the Degradation Initiation Time of the PSC-I Girder
The performance of a reinforced concrete structure often degrades because of corrosion of the reinforcing bars. Chloride attack is a major factor in the corrosion of reinforcing bars embedded in concrete. Kwon et al. [8] proposed a chloride diffusion model based on a diffusion equation derived from Fick's second law that considers the time dependence of the chloride diffusion coefficient (D) and the dependence of the diffusion coefficient correction factor ( f (w c )) on the width of cracks in the concrete. In this study, the initiation time for the performance of the structure to degrade was calculated by using the improved chloride diffusion equations given below:
where D is the diffusion coefficient dependent on time, f (w c ) is the crack effect function, w c (mm) is the crack width, D 0 is the diffusion coefficient at t 0 , m is constant depending on the mix proportion, t 0 is the reference time, and t R is the time at which the diffusion coefficient is assumed to be constant. When the diffused chloride reaches a certain concentration level at the depth of the rebar, the rebar corrodes. The chloride concentration that causes corrosion of the steel reinforcement is called the chloride threshold level (C lim ). The point at which the resistance capacity degrades can be predicted by calculating the time t at which the chloride concentration in the cover thickness of the concrete x exceeds the chloride threshold value (C lim ). Thus, the initiation time for the performance degradation of a reinforced concrete structure by steel corrosion can be determined by using the chloride concentration around the steel reinforcement in the concrete:
The carbonation depth from the surface of the concrete due to the presence of carbon dioxide in the atmosphere can be expressed as Equation (12), which is dependent on time [9] . The progression of internal carbonation is proportional to the square root of the total elapsed time. Based on this equation, the estimated time (t) when the carbonation depth exceeds its limit in the concrete can be calculated by using the degradation initial time of the PSC-I girder caused by carbonation (Equation (13)). The carbonation rate coefficient (α d ) signifies the progress rate of carbonation and depends on the material properties of the concrete and the environmental conditions that the concrete is subjected to. The work by Park [10] was used to calculate the degradation initiation time according to the appropriate carbonation rate coefficient for the given material properties and environmental conditions ( Table 2) :
where
is the carbonation rate coefficient, t (year) is the service life, y p (mm) is the predicted carbonation depth, and y lim (mm) is the limit depth. 
Corrosion Damage Model for Reinforcing Bars Embedded in Concrete
Damage to the materials comprising the cross-sectional area of the bridge structure directly affects the resistance capacity of the bridge. The effective area of the steel reinforcement decreases when the steel is corroded by chloride penetration and carbonation. In this study, the decrease in the effective cross-section by corrosion of the reinforced steel of a floor plate and girder was considered. Val and Melchers [11] presented an equation for calculating the effective area based on the form of the corrosion (Equation (14)). The corrosion depth (p(t)) and current corrosion density (i corr ) required to calculate the effective area (A r (t)) according to the service period were determined by using Equations (15) and (16):
where A 1 and A 2 are the effective area factors, R is the penetration ratio between the maximum and average penetration, t i (year) is the time of corrosion initiation, i corr (µA/cm 2 ) is the corrosion current density, H r (%) is the relative humidity, T k (K) is the absolute temperature, w/c is the water-cement ratio, and d c (mm) is the effective depth.
Required Performance and Resistance Capacity Considering Environmental Factors
Required Performance Based on Traffic Conditions
The required performance of a bridge is defined according to the characteristics of the loads applied to the bridge. Many types of loads are applied to a bridge in service, and it is virtually impossible to consider all of them. This section mainly considers the flexural moment generated by the dead load and live load applied to bridges for analysis.
The dead load refers to the self-weight of a structure. When the self-weight of a bridge is calculated, the unit weights of the materials constituting the bridge and the specifications of members from the design plan are used. The Korea Highway Bridge Specifications [6] suggest unit masses of the general construction materials for bridges for calculating the dead load (Table 3 ). The maximum flexural moment occurs at the center of the girder from the dead load. This is calculated from the given unit mass and member specifications from the design plan, as given in Table 4 . According to the calculation, the outer girder in the sample bridge was most vulnerable to the flexural moment produced by the dead load. In this study, the uncertainty of the dead load was modeled by applying the statistical characteristics of the dead load suggested by the Federal Highway Administration (FHWA) [10] . For the calibration of the LRFD bridge design code, the statistical characteristics of the dead load were classified into three types: precast members, cast-in-place members, and wearing surface according to the members and construction conditions (Table 5 ). This case had an annual average daily traffic (AADT) of 20,000 and heavy vehicle proportion of 25%, which slightly exceeds the average traffic characteristics of one-way, two-lane roads in Korea. This was set as the normal traffic conditions for the sample bridge. The case with an AADT of 10,000 and heavy vehicle proportion of 15% was set as the light traffic condition, and that with an AADT of 40,000 and heavy vehicle proportion of 35% was set as the heavy traffic condition.
In current bridge designs, the DB-24 load and DL-24 loads are applied [6] . These do not reflect the actual traffic characteristics of the bridge once it is in service. In this study, in order to determine the required performance, an annual extreme load that reflects the actual traffic characteristics was referenced, as listed in [12, 13] . In these studies, the effect of the annual extreme load on bridges was calculated by considering various traffic characteristics, including the AADT, heavy vehicle proportion, vehicle running pattern, bridge, and lateral load distribution of the bridge. Table 6 presents the probabilistic distributions of passing vehicles: mobile cars (P), buses (B), mid-size trucks (T), heavy trucks (TT), and semi-trailers (ST). The first mode indicates the empty or lightly loaded condition, and the second mode represents the heavily loaded condition. In order to reflect the running patterns of vehicles passing the bridge, the running speed ratio of vehicle per AADT, the inter-vehicle distance models, and the vehicle consecutive models were measured (Table 7) . Table 8 and Figure 2 present the calculated lateral load distribution coefficients of the sample bridge via finite element analysis and the results with them. The heavy vehicle distribution proportion per lane was set to 15:85 as recommended by the Korea Highway Bridge Specifications [6] . Based on the traffic characteristics suggested above, the annual extreme load applied to the sample bridge was analyzed (Table 9 ). In this study, the uncertainty of the dead load was modeled by applying the statistical characteristics of the dead load suggested by the Federal Highway Administration (FHWA) [10] . This case had an annual average daily traffic (AADT) of 20,000 and heavy vehicle proportion of 25%, which slightly exceeds the average traffic characteristics of one-way, two-lane roads in Korea. This was set as the normal traffic conditions for the sample bridge. The case with an AADT of 10,000 and heavy vehicle proportion of 15% was set as the light traffic condition, and that with an AADT of 40,000 and heavy vehicle proportion of 35% was set as the heavy traffic condition.
In current bridge designs, the DB-24 load and DL-24 loads are applied [6] . These do not reflect the actual traffic characteristics of the bridge once it is in service. In this study, in order to determine the required performance, an annual extreme load that reflects the actual traffic characteristics was referenced, as listed in [12, 13] . In these studies, the effect of the annual extreme load on bridges was calculated by considering various traffic characteristics, including the AADT, heavy vehicle proportion, vehicle running pattern, bridge, and lateral load distribution of the bridge. Table 6 presents the probabilistic distributions of passing vehicles: mobile cars (P), buses (B), mid-size trucks (T), heavy trucks (TT), and semi-trailers (ST). The first mode indicates the empty or lightly loaded condition, and the second mode represents the heavily loaded condition. In order to reflect the running patterns of vehicles passing the bridge, the running speed ratio of vehicle per AADT, the inter-vehicle distance models, and the vehicle consecutive models were measured (Table 7) . Table 8 and Figure 2 present the calculated lateral load distribution coefficients of the sample bridge via finite element analysis and the results with them. The heavy vehicle distribution proportion per lane was set to 15:85 as recommended by the Korea Highway Bridge Specifications [6] . Based on the traffic characteristics suggested above, the annual extreme load applied to the sample bridge was analyzed (Table 9) . 
Resistance Capacity Based on Statistical Characteristics
The resistance capacity of a bridge is used as a significant index for bridge maintenance. In order to compute the resistance capacity, which reflects the statistical properties of a bridge structure, uncertainty variables that form the resistance capacity must be considered. These include the statistical characteristics (λ MF , V MF ) of materials and sections resulting from construction and the statistical characteristics (λ P , V P ) [14] resulting from the discrepancy between the model and actual structure. When the bridge resistance capacity is computed based on reliability theory, such uncertainty variables must be reflected. In this study, all variables in the resistance capacity equation for the PSC-I girder that describe materials and sections were regarded as probabilistic variables. A Monte Carlo simulation with 100,000 samples was performed to infer the statistical characteristics of the materials and sections. The bias factor (λ R ) and coefficient of variation (V R ) of the resistance capacity considering the statistical characteristics of materials, sections, and modeling can be computed as follows [15] :
where λ P is the bias factor of modeling, λ MF is the bias factor of the material and fabrication, V p is the coefficient of variation of modeling, and V MF is the coefficient of variation of the material and fabrication. The probabilistic characteristics of the materials and the section properties should be considered. Statistical characteristics such as the area of the PS tendon, area of the reinforcing bars, effective depth, and height of the concrete section were taken from National Cooperative Highway Research Program 368 (NCHRP 368) [14] . The material properties of concrete and steel structures, such as the concrete compressive strength, reinforcing steel tensile strength, and PS strand breaking stress, were taken from Nowak and Szerszen [16] . The probabilistic characteristics of the resistance capacity were estimated through a Monte Carlo simulation run 100,000 times in total. Table 10 presents the statistical characteristics of the resistance capacity considering both the statistical characteristics and modeling error variables of the material and fabrication. The flexural resistance of the PSC-I girder was calculated to be 1.053 times greater than the nominal strength on average. 
Reliability Analysis of the PSC-I Girder
Performance Degradation Analysis Considering a Corrosive Environment
The performance degradation of the PSC-I girder bridge was calculated based on the corrosion model presented in Section 2. In the analysis, the degradation due to corrosion of the slab was confirmed to be small. Therefore, the performance degradation due to slab corrosion was not considered in the analysis of the performance degradation of the composite PSC-I girder. In order to examine the difference in performance degradation for environments of varying corrosiveness, the corrosive environments were classified as mild, normal, and severe. Parameters such as the surface chloride content, chloride diffusion coefficient, and carbonation rate coefficient (a d ) that greatly influence the corrosion of the PSC-I girder were varied in different corrosive environments for analysis. To determine the penetration ratio (R), experiments should be performed that consider each corrosion condition. However, determining the penetration ratio by actual experiments is difficult. This study referred to Val and Melcher's work [11] to determine the penetration ratio. Table 11 presents the corrosion parameters used in the analysis [8, 10, 11, 17] . To consider the effect of cracks on the resistance capacity, the existence and size of cracks in the girder were classified in the analysis. Based on the concrete component condition assessment criteria specified by the Korea Infrastructure Safety and Technology Corporation (Seoul, Korea) [18] , the time until the concrete experiences performance degradation was analyzed under normal conditions (without cracks) and when cracks formed with widths ranging from 0.1 to 0.3 mm. Table 12 lists the conditions for resistance capacity degradation caused by chloride attack and carbonation. Table 12 . Conditions for resistance capacity degradation caused by chloride attack and carbonation.
Deterioration Factor Variable Initial Condition
Chloride attack
The degradation initiation time (t i ) was estimated based on the corrosive environments of the bridge and the crack width of the PSC-I girder bridge. The results are presented in Table 13 . The analysis results showed that the time until performance degradation of a PSC-I girder under normal conditions was 48.4 years in a mild environment, 16.2 years in a normal environment, and 6.4 years in a severe environment. This appeared to be the result of differences in the surface chloride content according to regional characteristics. The time until performance degradation of the PSC-I girder was observed to be sensitive to the crack width. Cracks wider than 0.3 mm in the girder could cause performance degradation even within the first year after the completion of construction, depending on the environmental conditions. Figure 3 presents the performance degradation ratio of the PSC-I girder against the service life for different corrosive environments and crack widths. The results showed that the performance degradation was more rapid with wider initial cracks and in areas with higher surface chloride content. In a mild environment, the performance degradation was 6.67% in girders without cracks, but 14.12% in the case of girders with a 0.3 mm wide crack. In a normal environment, the performance degradation was 10.19% in girders without cracks, but 14.78% in girders with a 0.3 mm wide crack. In a severe environment, the performance degradation was 13.39% in girders without cracks, but 15.17% in girders with a 0.3 mm wide crack. The performance degradation was greatest in the severely corrosive environment. In the severe environment, there were small differences in the performance degradation with and without cracks. The rate of increase in the performance degradation with cracks was significantly smaller because the performance degradation occurred even before cracking. These results indicate that a corrosive environment has a significant effect on the performance degradation of PSC-I girders.
Time-Related Reliability Analysis of the PSC-I Girder Bridge
The reliability of sample bridges was analyzed based on the limit state equation given below. The load factor in Equation (19) represents the moment exerted by each load, and the resistance factor represents the flexural strength of the structure:
where R f is the resistance capacity (flexural strength), D 1 is the load effect due to the girder, D 2 is the load effect due to the barrier, sidewalk blocks, and pavement, LL is the load effect due to the live load, and I M is the impact coefficient. The reliability degradation during the life cycle of a sample bridge was analyzed based on the resistance capacity degradation where the flexural strength decreased because of structural deterioration during the service life, as calculated in Section 4.1, and because of the live load resulting from various traffic conditions, as determined in Section 3.1 describing the reliability analysis. 
where is the resistance capacity (flexural strength), is the load effect due to the girder, is the load effect due to the barrier, sidewalk blocks, and pavement, is the load effect due to the live load, and is the impact coefficient. The reliability degradation during the life cycle of a sample bridge was analyzed based on the resistance capacity degradation where the flexural strength decreased because of structural deterioration during the service life, as calculated in Section 4.1, and because of the live load resulting from various traffic conditions, as determined in Section 3.1 describing the reliability analysis. Figures 4-6 present the changes in the annual reliability index depending on the service life, site environment of the sample bridge, and cracks. The reliability index varied in the range of 3.29 to 2.61 depending on the formation of cracks and traffic conditions (light, normal, heavy) in a mild corrosive environment. The reliability index varied in the range of 3.11 to 2.58 depending on the formation of cracks and traffic conditions (light, normal, heavy) in a normal corrosive environment. The reliability index varied in the range of 2.94 to 2.55 depending on the formation of cracks and traffic conditions (light, normal, heavy) in a severe corrosive environment. These results indicate that the annual reliability indices for PSC-I girder bridges with 75 years of service vary significantly depending on differences in the corrosive environment, traffic conditions, and crack formation.
environment. The reliability index varied in the range of 3.11 to 2.58 depending on the formation of cracks and traffic conditions (light, normal, heavy) in a normal corrosive environment. The reliability index varied in the range of 2.94 to 2.55 depending on the formation of cracks and traffic conditions (light, normal, heavy) in a severe corrosive environment. These results indicate that the annual reliability indices for PSC-I girder bridges with 75 years of service vary significantly depending on differences in the corrosive environment, traffic conditions, and crack formation. (c) 
Conclusions
A method was developed to evaluate the reliability of an in-service highway bridge based on resistance capacity degradation. The suggested method was applied to a PSC-I girder bridge to verify its effectiveness. The required performance and resistance capacity of the bridge reflecting various 
A method was developed to evaluate the reliability of an in-service highway bridge based on resistance capacity degradation. The suggested method was applied to a PSC-I girder bridge to verify its effectiveness. The required performance and resistance capacity of the bridge reflecting various traffic characteristics were calculated. These were then used to analyze the bridge reliability. Various traffic characteristics were considered to analyze the required performance of the sample bridge. The decrease in the resistance capacity was analyzed according to the suggested deterioration model.
The case with an AADT of 20,000 and heavy vehicle proportion of 25% was set as the normal traffic case. The case with an AADT of 10,000 and heavy vehicle proportion of 15% was set as the mild traffic case, and the case with an AADT of 40,000 and heavy vehicle proportion of 35% was set as the severe traffic case. The annual extreme load effect calculation from a previous study was used. The flexural moment generated by the dead load and live load primarily applied to bridges was analyzed to determine the required performance. The analysis results confirmed that the outer girder of the sample bridge required the highest level of performance.
For the calculation of the resistance capacity, all variables considering the uncertainty of materials and sections were regarded as probabilistic variances. The statistical characteristics of the resistance capacity, materials, and sections were calculated by running a Monte Carlo simulation 100,000 times. The flexural resistance of the PSC-I girder was calculated to be 1.053 times larger than the nominal strength on average.
The performance degradation of PSC-I girder bridges was calculated with the presented corrosion model. In order to examine the performance degradation in different corrosive environments, corrosive environments were classified as mild, normal, and severe. The results showed that the performance degradation was more rapid with wider initial cracks and in areas with higher surface chloride content. The reliability of the selected bridges was analyzed based on the limit state equation. The results showed that the annual reliability indices of PSC-I girder bridges with 75 years of service varied significantly depending on the corrosive environment, traffic conditions, and crack formation. These results indicate that reliability of a highway bridge based on the resistance capacity is quite sensitive to important parameters, including the traffic characteristics, corrosive environment, and crack damage. If such parameters are considered, the structural reliability level may decrease. Therefore, a maintenance plan for bridges should be rationally developed by considering the site environment.
In this study, a method was developed for evaluating the performance and reliability degradation according to the time history by considering the effect of traffic characteristics and a corrosive environment, and the method was applied to an actual PSC-I girder bridge as an example. Further research is needed to apply the proposed method to maintenance based on repair and reinforcement, life cycle cost analysis, and reliability evaluation of other superstructure-type bridges.
